BACKGROUND-Moderate to severe kidney disease increases risk for sudden cardiac death (SCD). Limited studies have evaluated how mild degrees of kidney dysfunction impact SCD risk.
INTRODUCTION
Sudden cardiac death (SCD) is defined as an unexpected, pulseless condition attributable to a cardiac arrhythmia. 1 The incidence of SCD in the United States ranges between 180,000 and 450,000 cases annually. Previous studies have demonstrated that a substantial proportion of cardiovascular-related deaths in advanced chronic kidney disease (CKD) or end stage renal disease (ESRD) are attributable to SCD. [2] [3] [4] [5] [6] In addition, moderate to severe CKD is an established risk factor for bradyarrhythmias, ventricular tachycardia/fibrillation and SCD in populations with established cardiovascular disease. [7] [8] [9] [10] However, the majority of SCDs occur in the general population rather than among those with established cardiovascular disease or advanced CKD. [11] [12] [13] [14] In one prior population-based study of the elderly, increased cystatin C concentrations were associated with SCD risk 15 ; however, limited studies have assessed systematically how modest levels of reduced kidney function impact SCD.
Albuminuria is one of the earliest biomarkers of kidney injury and largely represents endothelial injury at the level of the glomerular capillary wall. The subsequent passage of albumin into the urine, or albuminuria, is a risk factor for cardiovascular morbidity and mortality in persons with diabetes, hypertension, and among the general population. [16] [17] [18] International guidelines have recommended including the urinary albumin-to-creatinine ratio (ACR) in the diagnosis and staging of CKD. 19 Despite this growing recognition of the significance of albuminuria on cardiorenal risk, few, if any, studies have assessed the risk of SCD in relation to albuminuria. Combining information on albuminuria with estimated glomerular filtration rate (eGFR) based on current more sensitive equations that incorporate both creatinine and cystatin C 20, 21 may assist in the identification of broader populations with more mild levels of kidney dysfunction that may be at an elevated SCD risk. In the present investigation, we evaluated the absolute and relative risks of SCD across a broad spectrum of kidney health according to albuminuria and eGFR.
METHODS

Study Participants
The Reasons for Geographic and Racial Differences in Stroke (REGARDS) study is a population-based investigation of stroke incidence in black and white US adults aged 45 years and older. 22 Trained personnel conducted computer-assisted telephone interviews to obtain information including participants' sociodemographics, cardiovascular health profile, previous medical interventions, health behaviors (smoking, exercise, alcohol use), and measures of general health. Biometric data (blood pressure, electrocardiography, anthropometrics, fasting blood and urine samples) were collected by a health professional during an in-home visit. The REGARDS study protocol was approved by the institutional review boards at the participating centers, and all participants provided written informed consent.
Predictor Variables
Our primary predictors of interest were eGFR according to the 2012 Chronic Kidney Diseases Epidemiology Collaboration (CKD EPI) equation, which includes both creatinine and cystatin C, and urine albumin concentrations, which are expressed as the urinary albumin-to-creatinine ratio (ACR). 20, 21, 23 Detailed descriptions of the covariates have been provided in prior publications from the REGARDS study [24] [25] [26] and are reviewed in the Online Supplemental Methods.
Outcome definitions
Our definition for SCD was consistent with those proposed by an NHLBI-sponsored, expert panel: (a) unexpected death without an obvious extracardiac cause occurring with a rapid witnessed collapse; 1 (b) for unwitnessed events, SCD is defined as an event that occurs within one hour after symptom onset or an unexpected death without obvious extracardiac cause that occurred within the previous 24 hours. 1 All out-of-hospital cardiovascular deaths underwent further evaluation as a possible SCD event. These events could have occurred in the emergency room, but may not have been the consequence of acute trauma, intoxication, or the culmination of a terminal illness (cancer or end stage lung disease). Details of the adjudication protocol are provided in the Online Supplemental Methods.
Statistical Analysis
We first computed unadjusted incidence rates for SCD within categories of ACR and eGFR and plotted Kaplan-Meier curves using methods for censored data. Rates were reported according to each kidney measure independently. We analyzed associations with SCD separately for the ACR categories (< 15, 15-30, and > 30 mg/g) and for the eGFR categories (≥ 90, 60-89, 45-59, and < 45 ml/min/1.73m 2 ). After confirming the proportionality of hazards, we constructed Cox proportional hazards regression models to estimate associations between each measure of kidney health and time to SCD. For each participant, the time at risk was defined from the baseline exam until the date of SCD, other cardiovascular death, non-cardiovascular death, censor due to loss to follow-up, or the end of available follow-up. We adjusted for confounding variables in a staged approach using regression models that have biological plausibility. We also adjusted for intervening MI and/or heart failure exacerbation hospitalization as time dependent covariates and performed a competing risk analysis. 27 Additional details related to the statistical analyses are provided in the Online Supplemental Methods.
We also estimated the associations of combined eGFR and ACR categories with the risk of SCD. For this approach, given the multiple eGFR/ACR categories and relatively limited number of SCD events, we divided eGFR into 3 categories (≥ 90, 60-89, and < 60 ml/min/ 1.73m 2 ). The 3 eGFR and 3 ACR categories were then combined to yield nine different exposure groups. The reference category was the group of participants with an eGFR ≥ 90 ml/min/1.73m 2 and an ACR < 15 mg/g. A 2-sided p-value of 0.05 was considered statistically significant for all analyses.
RESULTS
This analysis included 27,296 black and white adults. The majority of REGARDS participants (74%) had an ACR < 15 mg/g. Approximately 11% had an ACR between 15 to 30 mg/g, and 15% of all individuals in this study had an ACR > 30 mg/g. Participants who had higher urinary ACR values were more likely to be older, black, less educated, and to have lower income (Table 1 ). In addition, they had a greater prevalence of cardiovascular risk factors. A lower eGFR demonstrated similar patterns among these baseline characteristics (Online Supplemental Table 1 ).
Over a median follow-up of 6.1 [interquartile range 4.6 -7.3] years, the incidence of SCD increased across ACR groups and ranged from 0.14% per year among individuals with an ACR < 15 mg/g to 0.4% per year among those with an ACR > 30 mg/g ( Figure 1A ). Adjustment for demographics, cardiovascular disease risk factors and comorbid conditions had the greatest impact in attenuating the association between higher ACR categories and SCD risk (Table 2) . However, compared with the ACR < 15 mg/g group, ACR levels of 15-30 mg/g and > 30 mg/g were associated with over a 1.5 fold increased, independent risk of SCD. Further adjustment for eGFR, intervening MI and heart failure hospitalizations and competing risk of non-SCD resulted in only minor attenuation of risk; higher ACR remained an independent risk factor for SCD.
Similarly, the incidence of SCD increased across eGFR categories and ranged from 0.15% per year among individuals with an eGFR ≥ 90 ml/min/1.73m 2 to 0.50% per year among individuals with an eGFR < 45 ml/min/1.73m 2 ( Figure 1B ). Nearly 90% of participants had an eGFR ≥ 60 ml/min/1.73m 2 , and only 4% had an eGFR < 45 ml/min/1.73m 2 . Similar to the analysis that assessed ACR, adjustment for demographics and cardiovascular conditions resulted in the greatest attenuation in the risk of SCD, and no significant differences were observed between the eGFR ≥ 90 and 60-89 ml/min/1.73m 2 groups (Table 3) . After the final adjustment, the eGFR < 45 ml/min/1.73m 2 retained a significantly higher risk of SCD compared with those with an eGFR ≥ 90 ml/min/1.73m 2 .
In the analysis that combined ACR and eGFR categories as the primary predictor variable, we detected a progressive increase in SCD incidence as both measures of kidney health declined ( Figure 2) . The age adjusted incidence rate of SCD ranged from 0.12% per year among those with no abnormalities in eGFR and ACR (eGFR ≥ 90 ml/min/1.73m 2 and ACR < 15 mg/g) to 0.52% per year among those with the most advanced kidney disease (eGFR < 60 ml/min/1.73m 2 and ACR ≥ 30 mg/g). In further analysis, albuminuria consistently identified individuals with an eGFR ≥ 60 ml/min/1.73m 2 that were at significantly increased risk of SCD ( Figure 3 ). In particular, among the eGFR ≥ 90 ml/min/1.73m 2 group, an ACR > 30 mg/g was associated with a near two-fold higher SCD risk compared with individuals with eGFR ≥ 90 ml/min/1.73m 2 and ACR < 15 mg/g. Further, among participants with an eGFR 60-89 ml/min/1.73m 2 , an ACR > 15 mg/g was present in 25% of participants and associated with a greater than two-fold SCD risk after multivariable adjustment. The Online Supplemental Results and Supplemental Tables 2 and 3 demonstrate associations between ACR, eGFR, and SCD in those without any baseline history of CHD.
In stratified analysis, an ACR > 15 mg/g continued to identify nearly 25% of the REGARDS population without any baseline history of CHD at a higher risk of SCD compared with individuals with an ACR < 15 mg/g (Online Supplemental Table 2 ). Similarly, an eGFR < 45 ml/min/1.73m 2 identified less than 3% of the subgroup without baseline CHD that was at a significantly higher risk of SCD (Online Supplemental Table 3 ). No significant interactions were detected (Online Supplemental Results).
DISCUSSION
Our findings from REGARDS, a large population-based study from across the United States, demonstrate that albuminuria is not only present in more than 25% of participants, but even at low levels, is independently associated with SCD after accounting for eGFR. An ACR between 15-30 mg/g, which is below the cutoff for defining microalbuminuria, was associated with a 50% higher risk of SCD compared to the referent group of < 15 mg/g. When combined with eGFR, this level of albuminuria was associated with 2.2 -2.6 fold elevations in SCD risk among those with an eGFR < 90 ml/min/1.73m 2 . Greater degrees of albuminuria (ACR > 30 mg/g), which were present in 17% of the population, were also associated with an elevation in SCD risk among individuals with preserved eGFR (≥ 90 ml/min/1.73m 2 ).
Previous studies have demonstrated that moderate reductions in eGFR are an independent risk factor for SCD. 8, 15 We used a recently derived estimate of GFR, which provides a more sensitive measure of early declines in kidney function. 20, 21 Although our adjusted findings demonstrated a gradual increase in SCD risk across 4 categories of eGFR, the risk of SCD was not significant and independent until the eGFR was less than 45 ml/min/1.73m 2 . This Deo et al.
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Author Manuscript category represents less than 5% of the total REGARDS population and limits the impact of using eGFR only in identifying participants at an intermediate risk for SCD. Instead, the incorporation of both kidney filtration and injury markers was required to understand SCD risk in the population with CKD.
This study represents one of the first to assess comprehensively SCD risk across a range of ACR values in a general population-based study. Albuminuria identified SCD risk attributable to CKD among persons who would have been considered to have normal kidneys using eGFR alone. An ACR > 15 mg/g, which was present in more than 20% of individuals with an eGFR ≥ 90 ml/min/1.73m 2 and 25% of those with an eGFR between 60 and 90 ml/min/1.73m 2 , was associated with an approximate doubling of risk for SCD. Since individuals with an eGFR ≥ 60 ml/min/1.73m 2 are not considered high risk for adverse events, the addition of albuminuria could be an important step in further identifying persons with kidney injury that are at an intermediate risk for SCD. In addition, prior studies have demonstrated independent associations between albuminuria at levels below the threshold for microalbuminuria (ACR = 30 mg/g) and cardiovascular disease and all-cause mortality. [16] [17] [18] As a result, our statistical modeling approach evaluated competing risks of mortality and intervening, non-fatal cardiovascular events. The findings from our analysis suggest that population-based interventions aimed at preventing fatal arrhythmias and the progression of kidney injury may be more effective among those with mild kidney disease as compared with more advanced CKD patients who have a high competing risk of non-SCD. 9, 28 Strategies for the primary prevention of SCD at more advanced stages of CKD or ESRD have proven challenging especially since placement of the implantable cardioverter defibrillator (ICD) appears to have reduced efficacy. 9, 28, 29 Our findings provide greater clarity around population-based SCD and potential cardiorenal pathways that may be implicated in arrhythmic outcomes. As indicated previously, the majority of SCD events occur in individuals without a history of clinical cardiovascular disease and a normal left ventricular ejection fraction. [11] [12] [13] [14] 30 Of the SCD cases from the Oregon Sudden Unexpected Death Study that had an echocardiographic assessment of left ventricular function prior to the cardiac arrest, only 20% would have been eligible for ICD implantation for the primary prevention of SCD. 30 The majority of SCD cases in the population are likely to have subclinical abnormalities in cardiac remodeling. Albuminuria is a well-recognized marker of systemic microvascular injury and has been associated with subclinical myocardial dysfunction in individuals with normal left ventricular ejection fraction (LVEF). 31 In nearly 1900 individuals from the HyperGEN Study, all of whom had normal left ventricular function, even mild degrees of albuminuria were associated with abnormalities in cardiac mechanics including longitudinal strain, 31 which is a sensitive marker for the health of the myocardium. Albuminuria may signify early declines in cardiac function and may help to explain our observations of an ACR-SCD link among individuals without a history of CHD. This group likely represents a healthier population than the overall cohort, and very few would be expected to have severe left ventricular dysfunction. The pathways linking albuminuria to early declines in cardiac function and increased cardiovascular disease risk remain speculative; however, albuminuria likely represents a sensitive marker of early dysregulation in the cardiorenal axis.
Our study has several strengths. It is one of the first to systematically assess SCD risk across the spectrum of kidney health in a large, broadly representative, modern prospective cohort study. By adjusting for intervening cardiovascular events and competing risk of mortality, we were able to distinguish the association of kidney disease with SCD risk from its wellknown associations with other cardiovascular and non-cardiovascular outcomes. Several limitations of our study should be considered. Our analysis did not account for left ventricular function. Although a depressed LVEF is a strong risk factor for SCD, multiple studies have demonstrated that the majority of SCD in the community occur in individuals with normal LVEF. Given the design of this national cohort where in-home visits were performed, it was not feasible to obtain measures of LVEF using echocardiograms in this population. In addition, there was only a single measurement of ACR and eGFR, which may have led to exposure misclassification for some study participants. Further, in the combined ACR/eGFR evaluation, some categories had relatively few SCD events, which reduced the power to detect more precise estimates.
CONCLUSIONS
In summary, albuminuria identifies individuals from the general population at an increased risk of SCD even below the thresholds of CKD. Albuminuria also identifies nearly 25% of people with an eGFR ≥ 60 ml/min/1.73m 2 that have increased risk of SCD, based on their underlying kidney disease. Therapies aimed at preventing the progression of kidney disease may impact SCD risk. Hazard ratios (HR) and 95% confidence intervals (CI) of sudden cardiac death (SCD) according to eGFR and ACR. Cox proportional hazard model adjusted for age, sex, race, education, income, systolic and diastolic blood pressure, diabetes, total cholesterol, HDL cholesterol, smoking, body mass index, left ventricular hypertrophy, physical activity, baseline coronary heart disease, stroke, peripheral artery disease or aortic aneurism, use of digoxin, antihypertensive medication, ACE inhibitor, ARB, statins, intervening MI and HF hospitalization events as time dependent covariates and competing risk of non-SCD and noncardiovascular death. 
